Alcelaphine herpesvirus type 1, a rhadinovirus causing malignant catarrhal fever of ruminants, has an 1959 nucleotide open reading frame with significant homologies to semaphorin genes. While truncated genes of similar structure have been found in poxviruses, this is the first known example of a semaphorin-like gene in a herpesvirus.
Alcelaphine herpesvirus type 1 (AHV-1) (Plowright et al., 1960) and closely related rhadinoviruses (Baxter et al., 1993) are the agents of malignant catarrhal fever (MCF), a usually fatal disease of ruminants. It is associated with perivascular and epithelial lymphoid infiltrations in naturally diseased animals and experimentally infected rabbits and rodents (Reid & Buxton, 1989) . The pathology of MCF is remarkably similar to the lymphoproliferative syndromes caused by herpesvirus saimiri, the prototype of 7~-herpesviruses (genus Rhadinovirus) (Fleckenstein & Desrosiers, 1982) . The CD4 + or CD8 + T cell lines derived from MCF lesions (Nakajima et al., 1992; Burrells & Reid, 1991 ; Wilkinson et al., 1992) resemble herpesvirus saimiri-transformed lymphocytes in many regards (Biesinger et al., 1992; Medveczky et al., 1993; Kiyotaki et al., 1986) . AHV-1 DNA has the typical structure of rhadinovirus genomes with a constant L-region of about 125 kb that is flanked by multiple 1 kb GC-rich tandem repeats (Bridgen et aL, 1989) . The search for genes that may be responsible for lymphoid abnormalities and pathogenesis led us to the detection of a semaphorin-like gene in the L-DNA close to one junction to the repetitive DNA.
AHV-1 strain C500 virions were concentrated from the supernatant of infected MDBK cells (ATCC CCL22). The viral DNA was extracted from the virions with phenol-chloroform and the DNA was restricted with BamHI-SmaI, HindlII, PstI and NsiI. The fragments were ligated into the respectively cut plasmids pBluescribeM 13 + or pBluescriptKSII + (Stratagene) and transformed into E. coli KI2 DH5~ (Life Technologies) * Author for correspondence. Fax +49 9131 852101. e-mail ensser @viro.med.uni-erlangen.de
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by electroporation. Specific clones were identified by colour selection with IPTG/X-Gal and a subsequent colony screening (Ausubel et al., 1994) with [a-32P]dATPlabelled DNA of AHV-1 strain WC-11 (Plowright et al., 1960) that was gradient-purified as described previously (Knust et al., 1983) . The cloned fragments were mapped to the viral genome by Southern blotting (Southern, 1975) and sequencing of their ends using standard primers. DNA sequence determination was performed using an ABI373A automated sequencer and TaqDyedeoxy-Terminator chemistry (Applied Biosystems). Sequencing of numerous short stretches indicated that the AHV-1 genome is largely cotlinear to herpesvirus saimiri A. Ensser, R. Pflanz & B. Fleckenstein, unpublished results) . A 11874 kb nucleic acid sequence was determined from overlapping terminal clones by a combined exonuclease III/mung bean nuclease deletion and primer walking approach (Ausubel et aL, 1994) . The assembly of 241 independent sequence readings was performed with the software package described by Dear & Staden (1991) on a Sun Sparcstationl0 and yielded an average redundancy of 7.48. Sequence analysis using the GCG package (Genetics Computer Group, 1991) and the BLASTX program (Gish & States, 1993; Altschul et al., •990) showed that the amino terminus of the major DNAbinding protein (aa 1-178) had 51.1% identity to herpesvirus saimiri open reading frame (ORF) 6. It had 37-4 % identity to Epstein-Barr virus (EBV) BALF2. A putative membrane antigen (1369 aa) was seen in the AHV-1 sequence with 28"7% and 25.8% identity to herpesvirus saimiri ORFs 3 and 75, respectively, and 25"8 % to EBV p140 (Fig. 1 a) . No homology was found to the complement control protein homologue (CCPH, ORF4a, b) ) of herpesvirus saimiri, nor to the dihydrofolate reductase (DHFR) , STP genes (Jung et aL, 1991) RNAs (Lee et al., 1988) . There was, however, another reading frame for a 653 aa polypeptide without homology to any other known herpesvirus genes. The derived protein revealed highly significant homologies to the putative protein A39 of vaccinia virus (strain WR) (441 aa, 29-2% identity) (Johnson et al., 1993) . The respective putative homologue in variola virus is 92 % identical to the vaccinia virus A39 gene product after adjustment for several reading frame shifts in the variola virus sequence (Shchelkunov et al., 1993; Aguado et al., 1992; Kolodkin et al., 1993) . The AHV-1 protein and both poxvirus proteins are similar to vertebrate sema- Fig. 2 . Alignment of protein sequences of the homologous Drosophila (d-semaII), vertebrate (h-semalII, collapsin) and virus (ahv-sema, vac-a39) semaphorin-like genes. The consensus is defined as presence of the respective residue in at least three of four or five (uppercase letters), or two of three or four of the protein sequences (lower-case letters); identical residues in the eukaryotic h-semalII and collapsin are considered as one sequence due to their high degree of homology. The Sema domains are boxed, putative signal sequences are underlined, and Ig-domain-like motifs are double underlined. Conserved cysteines are indicated by an asterisk (*). The ahv-sema sequence is shown beginning with the first ATG codon, although there are indications that the second methionine codon (position 48) might be used.
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phorins, chicken collapsin (772 aa, 28.2% identity to AHV-1, 22.4% to vaccinia virus) (Luo et al., 1993) and human semaphorin III (h-sema-III) (771 an, 27.2% identity to AHV-I, 22-6% to vaccinia virus). The semaphorins of man and chicken are 88.6 % identical. They are 33.8 % and 33.0 % identical to the Drosophila melanogaster d-sema-II gene product (706 aa), respectively (Kolodkin et al., 1993) . D-sema-II has 23.1% identity to AHV-1 and 23"7 % to vaccinia virus.
Alignment of the protein sequences of virus-encoded and vertebrate semaphorins revealed a number of conserved motifs and showed that the structure of the AHV-1 gene product is consistent with the general design of semaphorins as proposed by Kolodkin et al. (1993) . Thus it was subsequently termed ahv-sema. The nucleotide sequence suggested that ahv-sema could possess an additional 47 aa stretch at the amino terminus that is not present in the cellular and poxvirus genes. However, analysis for sequence-specific transcription factor recognition sites revealed no TATA-like sequences immediately upstream of the first ATG, whereas a TFIID site (TAATA) is located 18 bp upstream of the second methionine codon (position 48). There is also a putative Sp-1 site and an interferon-inducible element (RGAAA-NNGAAASY) upstream of this hypothetical initiation codon (Ghosh, 1990) . This would suggest that the starter codons of ahv-sema and the vertebrate semaphorins correspond precisely (Fig. 2) . A polyadenylation signal (AATAAAAAA) is located 131 bp downstream of the translation termination codon. An amino-terminal signal sequence suggested that viral, as well as cellular, semaphorins are transmembrane or secreted proteins. It is followed by the characteristic Sema domain of approximately 500 aa (Kolodkin et al., 1993) (Figs 1 b,  2) . Several boxes of conserved amino acids could be identified, and 13 of 14 conserved cysteines in the homologous region of the Sema domain are preserved in ahv-sema. In contrast to the truncated vaccinia gene, the homology of the AHV-1 gene extends into the Ig-like domains ofcollapsin, h-sema-III and d-sema-II (Figs 1 b, 2). This also implies that ahv-sema is a secreted protein.
There are residues conserved between the herpesvirus and poxvirus genes that are different from the cellular semaphorins. This suggests that the viral semaphorin homologues represent a subfamily of genes distinct from the functionally characterized semaphorins. Semaphotins were originally described as a family of related transmembrane and secreted proteins acting as repulsive signals for growth cone guidance in embryonic nervous system development. They are expressed predominantly in brain and muscle of Drosophila and chicken. Despite a lack of detectable structural abnormalities in d-sema-II defective Drosophila melanogaster, the gene is required for normal adult behaviour and survival (Luo et al., 1993; Kolodkin et al., 1993) . Poxviruses and the gammaherpesviruses code for a number of proteins that can interfere with host defence, including modulators of the immune system (Ahuja & Murphy, 1993; Hsu et al., 1990; Nicholas et al., 1992; Smith et al., 1990; Swaminathan et al., 1993; Upton et al., 1992) and the complement system Isaacs et al., 1992; Rother et al., 1994) . It has been proposed that the poxvirus semaphorins play a role in the immune system as natural immunosuppressants that are secreted by virus-infected cells (Kolodkin et al., 1993) . Thus it may be tempting to speculate that ancestral AHV-1 and poxviruses have captured semaphorin-like cellular genes that can modulate immune functions.
